Experiments have been performed on surface micromachined microengines driving load gears to determine the effect of the rotation frequency on median cycles to failure. We did observe a frequency dependence and have developed a model based on fundamental wear mechanisms and forces exhibited in resonant mechanical systems. Stressing loaded microengines caused observable wear in the rotating joints and in a few instances lead to fracture of the pin joint in the drive gear.
INTRODUCTTON
As MicroElectricalMechanical Systems (MEMS) become more commercially feasible, reliability studies and predictions will become crucial for its success. MEMS are typically classified into two types, sensors and actuators. There has been some reliability testing reported for sensors, [1, 2] and specifically those that are exposed to harsh environments [3] . There has been little reliability work published on microactuators. Microactuators are used to drive many different types of devices from gear transmissions to pop-up mirrors [4, 5] . The reliability of these MEMS devices is directly tied to the reliability of the microactuator. Actuator reliability based upon crack propagation in polysilicon was recently reported [6] . Recent data on the lifetime of the Sandia designed microengine was also reported [7] .
The objective of this work was to determine the fundamental correlation between the operational drive frequency and the lifetime of the microengine. The comb drives of these microengines have springs which restore any deflections back to the rest position. The polysilicon comb drive exhibits a resonant frequency (the frequency of maximum displacement) like any mechanical oscillating system. By selecting frequencies above and below resonance, we have collected data for the median lifetime of the microengine driving a load as a function of $$fo where f is the stress frequency and fo is the resonance frequency . We have developed a predictive model for the number of revolutions to failure which is based on the fundamental principles of the physics of wear in a mechanically resonating system.
EXPEFUMENTAL APPROACH

Lqetime Experiment
This study used the electrostatically driven microactuator (microengine) developed at Sandia National Laboratories [8] . The microengine consists of orthogonal linear comb drive actuators mechanically connected to a rotating gear as seen in Figure 1 . By applying the proper drive voltages, the linear displacement of the comb drives was transformed into circular motion. The X and Y linkage arms are connected to the gear via a pin joint. The gear rotates about a hub which was anchored to the substrate. The microengine has been the focus of much investigation for MEMS devices experienc- ing sliding friction [7, 9] .
We used the microengine to drive the load gear depicted in Figure 2a. A close-up view of the drive gear meshing with the load gear is shown in Figure 2b . The radius of the microengine drive gear was 38 pm and the load gear was four times as large. One of the many issues associated with the reliability of microengines is drive signal parameters [lo] . If the drive signals fed to the comb drives are not optimized, there will be excessive forces on the hub and pin joint of the gear which will lead to early failures. We characterized the drive parameters fully by measuring both the resonant frequency and the normalized spring constant of the comb drives. They were 1720 Hz and 1875, respectively. For all experiments, we accelerated the load gear to full speed in three rotations of the drive gear. This method was necessary to account for the inertia of the large gear.
The die were packaged with glass covers to allow viewing of the rotating gears. The covers prevented particle contamination but allowed access to the ambient environment of the laboratory. The packages were stored in a dry nitrogen environment before the test. The tester, Sandia &h Volume Measurement of Micromachine -Reliability (SHiMMeR) [7] , was used to provide electrical signals to large numbers of packaged microengines driving loads and to optically inspect them for functionality.
We performed stress tests at six frequencies, 860, 1204, 1500, 1720, 2408, and 3000 Hz. The resonant frequency of the comb drives was 1720 Hz which allowed for stresses both above and below resonance. The stress intervals followed roughly the same sequence for all the experiments. The sequence was 2000,4000,8000, 16000, . .., rotation cycles of the drive gear per stress. If more than 4 parts failed during a particular stress, we repeated that stress interval. The devices were stressed at high speed and then slowed to 1 Hz to inspect for functionality. A failure was defined as the inability of the microengine drive gear to make a complete revolution at the 1 Hz inspection speed. During the inspection interval, we noted any observed changes or degradation in the motion of the gears for our records.
Wear Structure Experiment
To compare the worn surface morphology found in actual devices with that occumng under well-defined contact conditions, experiments were run on a specialized "sidewall" friction test device
[ 111, shown in Figure 3 . In this device, the sidewall of a beam having rectangular cross-section is brought into contact with the cylindrical surface of a vertical post using an electrostatic comb drive to apply a load force. A second electrostatic comb drive is used to reciprocate the beam against the post. Conditions in the experiments were chosen to duplicate as closely as possible the loading conditions found in the gear hubs of the microengine. The maximum force exerted by the drive linkage on the microengine gear was estimated to be 2.5 pN. Based on the geometry of the microengine, the peak Hertzian contact pressure assuming linear contact between the conformal polycrystalline silicon structural elements, and using an elastic modulus of 155 GPa and Poisson's ratio 0.23, was therefore 27 MPa at the gear hub and 140 MPa at the pin joint.
In this experiment, a normal force of 4 pN was applied between the beam and post resulting in a peak contact pressure of 144 MPa in the sidewall device. The device was run at 127 Hz for a sliding distance of 10 m, equivalent to 1x106 revolutions of the pin joint.
RESULTS
Data Analysis of Lifetime Experiment
Because the parts were observed at fixed inspection times, common to all the parts, the results fall into the category of reliability data called "interval" data. We plotted the accumulated number of cycles to failure against the cumulative percent failure for each stress frequency. The lognormal fit resulted in an estimate of t50, the median cycles to failure. The estimate for the lognormal shape parameter, 0, was also determined.
The experimental results are listed in Table 1 . We performed eight experiments and failed a total of 220 parts. Most of the data from each of the experiments could be described by a simple unimodal distribution such as seen in Figure 4 . In this figure, the last point is roughly two orders of magnitude higher than the rest and was omitted from the fit. The regression analysis yielded a median cycles to failure of 2.9 x lo5 cycles with (3 = .51.
However, there were two cases where the distribution was bimodal. This occurred for stress frequencies of 860 and 2408 Hz. In these instances, we deconvoluted the data to determine the median cycles to failure for each population. Figure 5 shows the data with the upper and lower lines representing the two populations. The bimodal analysis using a separation fraction of 0.65 is also shown in the figure. Since the GS of both populations are similar, we believe that the underlying failure modes are the same, but that we have two populations, one of weak parts and the other of strong parts. Table 2 has the results of lognormal fits to all of the frequency experiments. For the cases where we observed a bimodal distribution, the lower and upper t50 were presented. The data is also graphically represented in Figure 6 with 90% confidence bounds represented by error bars. As in the table, the unimodal distributions are grouped with the lower portion of the bimodal distribution. The upper portions of the bimodal distribution are only seen at two frequencies. These are extremely good microengines with lifetimes very close to the record of 7 billion cycles. For the stress frequencies of 1500 and 3000Hz, we repeated the experiments and the results of the second experiment were within the 90% confidence bounds of the first experiment. We then averaged the two results. This was an excellent demonstration of lot to lot repeatability since the microengines in the second experiment were from a different fabrication lot but of the same technology and design.
Experimental Observations
The behavior of the microengines as they were stressed followed a consistent pattem. Initially the microengines ran smoothly. With the accumulation of stress, the operation of the microengines became sticky and jerky (stick-slip behavior) at inspection frequencies. Some of the microengines would actually work through the sticky behavior and become smooth again. Near the end of life, the rotation became more erratic until the microengine failed by sticking or rocking back and forth through a small angle. After failure, the part was still being stimulated by the drive signals so we optically panned across the entire microengine to get clues about the failure. We observed cases where the drive gearfload gear combination appeared stuck since we could see slight movement in the adjoining comb drives and shuttles. In other cases, the pin joint appeared to be stuck.
The lifetime behavior of the parts was markedly different for frequencies above and below resonance. Below resonance, the microengines initially operated smoothly at inspection and stress frequencies. With the accumulation of stress, the motion became jerky at the inspection frequency of 1 Hz, but was smooth at the higher frequency. The behavior at high frequencies was monitored using a strobe light to "slow down" the motion for visual inspection. Eventually, the motion of the gears froze at both inspection and stress frequencies.
Above resonance, the parts initially operated smoothly at inspection and stress frequencies. After some stress, they would start to chatter at stress frequencies; that is, the gears would vibrate at one position. This effect was greatest for the stress frequency of 3000Hz. We used a strobe light to observe the gear as it came up to high speed. The gears typically rotated smoothly for 10-15 seconds before the chatter began. At the onset of high speed chatter, the parts would still operate normally at inspection speed. Eventually, however, the motion of the gears froze at both inspection and stress frequencies.
Failure Analysis of Lifetime Experiment
Microengines driving loads tested to failure typically exhibited wear debris which was resolved optically. An example of this debris is shown in a SEM image in Figure 7 . The left arrow in Figure 7 indicates a location where the debris has been moved out to the top surface of the hub on a drive gear. The right arrow indicates a site where debris can be seen in the gap between the vertical side walls of the drive gear and its hub. Figures 8 and 9 show a result from a comparison of drive gears and load gears from several devices tested to failure. The light contrast debris is characteristically evident in the gap on the drive gear of Figure 8 and is characteristically absent in a similar gap from the load gear of Figure 9 . Wear debris at drive pins has also been resolved optically in some cases when it is broadcast from beneath the drive arm. It can also be seen in the SEM by tilting the sample to look under the drive arm. Figure. 10 shows such an image, where a broken pin has come to rest between the teeth of a gear. The debris covers the sidewall of the upper pin flange and has spread to a sidewall of the drive arm. Severe drive pin wear and occasional breakage of drive pins was characteristic of these devices when tested to failure. An example of such wear is seen in Figure 11 , where the bore of the hole in the drive gear which accepts the drive pin is shown after a pin has been broken. This wear has produced an out-of-round shape both by wearing material away and by depositing debris on the side wall of this hole. For comparison, a similar hole is shown in Figure 12 for a control sample with similar p ing history which has not been tested. The view shown is fro bottom of the gear, but the bore of the hole is undamaged by wear. The particle at the left of the image is the result of breaking the pin during sample preparation. Pin joint breakage was seen in 3 out of 220 microengines driving a load and only when the stress frequency was greater than the resonant frequency of 1720 Hz. Pin joint breakage was probably due to the coupling of the large inertial force of the load gear to the drive gear when it exhibits stick-slip behavior. This was the first observance of a stress failure in any microengine tested to date.
Wear debris was examined from a different perspective by using a conductive double adhesive laboratory tape to remove several gears and other components for examination of the undersides and the substrates from which they were removed. Figure 13 shows a SEM image from such a drive gear. The wear debris is attached to the sidewalls of the lower hub flange and the pin-retaining flange. It has radiated out from the perimeter of each of these flanges and has adhered to the bottom side of the drive gear. Gear teeth can be seen at the top of the image. This image was generated at 1 kV accelerating potential and shows interesting passive voltage contrast [ 121. The dark contrast of the wear debris and the pin flange indicate that they are not grounded to the gear and are charging positively due to the 1 kV accelerating voltage. The pin flange and the hub flange by design must be free to move in the gear. The dark pin flange indicated pin join fracture during sample preparation. The dark contrast of the wear debris indicates that it is electrically insulating. Similar flanges from the load gear hub and from drive gears on engines which share processing history, but have not been run show pristine side walls which are free from such particles. The holes located concentric with the hub in Figure 13 are etch-release openings in the drive gear. The two dimples extend downward from the bottom of the gear to minimize the rubbing area in the event of contact with the substrate. No other evidence of wear has been observed at these dimples or any other surfaces on the gear or on the substrate beneath the gear. The dark circle in the center of the lower hub flange is the anchor point for the gear which was broken in order to obtain this view. It is darker than it's surroundings due to a resistance path between the point of illumination of the electron beam and the electrical ground provided by the gear and hub. Figure 14 . This SEM image was generated at 5 kV, and shows two size ranges for the wear debris seen at this location. Many of the particles are on the order of SO nm in size and are elongated. A second size of feature are the rounder agglomerations of debris which are 200 nm and larger. Other agglomerations of wear debris have been observed which are submicron in size, but the morphology has not been resolved distinctly at this time. This may be caused by the low density or perhaps, porosity which inhibits a high resolution image at the surface. The particles appear light in contrast due to negative charging from the 5 kV accelerating potential.
The images in Figure 15 show focused ion beam (FIB) cross sections for two samples with identical processing history. The upper image is from a control part which was not tested, and does not show any evidence of wear or other processing artifacts, while the lower image is from a part which was tested to failure in 480,000 cycles. The tested part shows abundant wear debris on bearing surfaces and surrounding areas as well as severe damage which reduced the minimum diameter of the pin. This circumferential notch on the pin concentrates subsequent stresses which is consistent with the result that broken pins typically show reduced diameters on both fracture surfaces. Wear debris has also been observed on the shuttles and guides attached to the Y linkage arms. An example is shown in Figure 16 .
Although the debris lines up in this case, and can be seen to bridge the entire gap between shuttle and guide in Figure 17 , it was not the reason for the shuttle being stuck in this position. This was shown when the flexible link between this shuttle and the engine was delicately severed with a xenon cutting laser, and the springs attached to the comb drive returned the shuttle to it's rest position. 
Rubbing Surfaces
10 pm / I \ 1 Figure 15 . FIB cross sections of an engine which was not tested (above) and shows no wear debris, and an engine which was tested to failure in 480K cycles which shows severe wear on the pin joint and wear debris.
Data Analysis of Wear Structure Experiment
The results of the sliding wear test of the sidewall friction device are shown in Figures 18-19 . The unworn surfaces shown in Figure  18 reveal smooth sidewall morphology for the cylindrical post where silicon is deposited into a hole etched in oxide. There are no visible particles or scratches on this silicon surface. The beam shown in Figure 18b was formed by reactive ion etching of silicon, and exhibits some texture due to the etching process. However, there are no attached particles or lateral scratches in the unworn side of the beam. Texture on the top surface of the silicon layers, in the form of small bumps, is inherent in the processing of the devices.
By comparison, the worn surfaces of the post and beam in Figure  19a and 19b show evidence of both attached particles and damage to the sliding surfaces. A scratch is evident near the top of the post in the micrographs of Figure 19a alone is insufficient to determine whether they are generated by asperity-to-asperity adhesion followed by tensile fracture, by asperity fatigue due to cyclic stresses, or simply by abrasion of one surface by the other. In fact, the wear process likely involves a combination of these mechanisms, such that surface degradation and adhesion or fatigue is responsible for creating the initial wear particles, and particles trapped at the interface during sliding result in abrasion to create additional wear particles. Experiments to investigate the evolution of debns size and morphology dunng sliding at these conditions is needed to determine the wear mechanism, and is the subject of additional work. 
Adhesive Failure Model
DISCUSSION
Failure Model: Types of Failures
There are seven primary wear failure mechanisms observed for macroscopic mechanical systems [ 131: adhesion, abrasion, corrosion, surface fatigue, deformation, impact and fretting wear. Due to the microscopic nature of each of these mechanisms, we would expect that one of them (as opposed to some other mechanism) would be responsible for the wear-out of the micromachines studied in this paper.
During these experiments, neglible radial force was applied to drive these gears along with 3 pN of tangential force. At forces above approximately 4 pN the nature of the frictional forces in these engines is known to change abruptly [9] and result in observable wear tracks [ 1 13 characteristic of abrasive wear [ 131. No wear tracks were expected nor evident during these tests.
There was no evidence of corrosion by-products, ruling this wear mechanism out. Finally, surface fatigue, deformation and impact wear typically require forces in excess of those for abrasive wear. Again such forces were not applied. Fretting wear occurs where machine elements experience fluctuating loads, leading to microcracks and ultimately failure by fatigue. Microcracks have not been observed.
Although a combination of wear mechanisms would probably provide the most complete model, we propose adhesive wear as the most likely prevalent mechanism responsible for failure in these micromachines. Adhesive wear occurs when contact of asperities between two solid bodies (Figure 21a ) leads to plastic flow and cold welding (Figure 21b ). The asperity then tears away, leaving a particle transferred to one surface (Figure 21 c) . In this way, material can transfer from one surface to another and result in regions where the micromachine can begin to catch and then fail, as observed.
Asperities
Figure 21a. Force F, brings the two surfaces into contact at the asperities. The derivation of the model for adhesive failure begins by assuming that there is some critical volume, V, , of material that must be transferred in order to stop the motion of the micromachine. We anticipate that V, is not a single number but is a distribution of values.
In adhesive wear, the relationship between the wear volume AV, and the length of the motion producing the wear, AL is given as [ 131:
where K is the adhesive wear constant F is the force on the joint and
Gyp is the uniaxial yield strength
The total length of the motion creating the wear is then related to the radius of the joint, r, and the number of revolutions, R, that the engine makes by:
AL. = 2mR
(2) Bringing equations (1) and (2) together, setting AV to V,, the critical volume for failure and R to Rf, the number of revolutions to failure and solving for Rf we get:
The true force on the joint will vary with excitation frequency, a, as the critical frequency, o, , for resonance is approached provided that either the drive signal is a pure sine wave (which it is not) or is a custom signal intended to account for inertial effects (which it is) but applied to a system that has some play in the joints. The joints have approximately 50% tolerance as measured by the total diametral gap divided by the joint size.
In such a case, the net force on the joint will increase as the frequency approaches the critical frequency as [ 141:
where the term in large square brackets represents a "magnification factor" caused by approach to resonance and Fn is the nominal force applied to the joint, Q is the "quality factor" of the damped harmonic mechanical system and W W O is the ratio of the driving frequency to the resonant frequency of the system. Combining equations (3) and (4) we now arrive at the complete description for the reliability of a MEMS actuator failing due to adhesive wear, where again Rf represents the median number of revolutions to failure.
Note that there are no adjustable parameters. All values are either physical constants that are material dependent and known or have been measured or set in running the experiment. Table 3 has the values of the model parameters and the corresponding references. Even V , the critical volume of adhered material, can be estimated from known physical parameters (see Appendix).
Comparison of the Failure Model to the Data
In order to confirm the model, derived above, we compa the actual failure data for the unimodal or lower distributions given in Table 2 . This comparison is shown in Figure 22 . We disregard the point at the highest frequency since we know that the failure mechanism was different because of the d chatter. The lower dashed line is the shape that estimates of the physical paramete
The upper solid line modifies the v of K for adhesive wear range over ture [15] . Our value for Q in Tab1 engine driving a load gear. The Q factor in the model determines the shape of the curve. The effect of a smaller Q does two things, a) shift the minimum to lower curve. Both of these e comparison:
Note three important characteristics in the data versus model the functional dependence is correct, with the model clearly predicting the decrease in the number of revolutions to failure around the resonant frequency, the significant increase in the number of revolu failure above res 
CONCLUSIONS
We have presented and validated the first quantitative and predictive model for MEMS actuator reliability. Statistically significant data over a wide range of frequencies both above and below resonance are accurately described by this first principles model. No adjustable parameters are needed. The model, which is based on the concept of wear coupled with mechanical resonant effects correctly describes both our qualitative and quantitative observations of wear.
Experimental reproducibility was demonstrated across different lots within the same technology. Our results are therefore valid for this technology and may be generally valid for surface micromachined pol ysilicon-based actuator reliability.
One of the critical unmeasured constants in our model is K, the adhesive wear constant. To further validate this model, a good measure of K will be needed.
The large amounts of debris we observed in the areas of rubbing surfaces led to the failures in the drive gears of the microengines as detailed in numerous SEM images. Wear morphology observed in the pin joints was successfully duplicated in simpler structures driven under similar conditions. The FIB cross sections of the drive gear showed severe notching in the pin joint which probably lead to eventual breakage of the pin joint in 3 of the 220 parts stressed.
The results from the sidewall structure indicate that both adhesive and abrasive wear was apparent at these forces. Therefore, a more complete model may have to take additional wear mechanisms into account.
APPENDIX
The critical volume, Vc, is a measure of the total amount of material that must be transferred by adhesive wear before a failure can occur. This is an unknown quantity. However, we have estimated it by calculating the size of asperity needed to stop the motion of the joint after a cold weld occurs, as in Figure 6b . The cross-sectional area of such a weld that can just stop the motion of the joint is given as:
A, = F, I oyp where (6) is the "critical area" of the cold weld.
If one assumes a roughly cubic mass of material with this critical area, then the critical volume of this mass is given by: 
